Background: Hepatic copper accumulation causes chronic hepatitis in dogs. Muta-
| INTRODUCTION
A high prevalence of chronic hepatitis, accompanied by increased hepatic copper concentrations was recognized in Dobermanns decades ago. [1] [2] [3] Affected dogs generally have abnormally high serum activities of liver enzymes alanine aminotransferase and alkaline phosphatase, and there is a clear female predisposition. 1, 2, 4 Histologically, both centrolobular inflammatory infiltrates associated with copper deposits around the central vein, which is typical for primary copper toxicosis, 5 and predominant lymphoplasmacellular infiltration and piecemeal necrosis in the portal areas, which is a hallmark for autoimmune hepatitis 2 occur in Dobermann hepatitis (DH) cases.
Involvement of the immune system in etiology of DH was suggested by the female predisposition, the presence of lymphocyte proliferation, aberrant expression of major histocompatibility complex class II antigens on hepatocytes, 6 homozygosity for the risk allele DRB1*00601 of the dog leukocyte antigen system, 7 as well as presence of antihistone autoantibodies 8 and detection of autoantibodies against the liver related enzymes GAPDH and ADH. 9 However, autoimmune hepatitis is not typically accompanied by hepatic copper accumulation in the centrolobular area, and there is no evidence that dogs accumulate copper secondary to chronic liver disease.
Copper homeostasis relies on regulation of uptake of copper in the small intestine, cellular metabolism executed by a variety of copper transporters and chaperones, as well as excretion of excessive copper via the biliary tract. The P-type copper-transporting ATPases, ATP7A and ATP7B, are crucial for the regulation of copper homeostasis in mammals. 10 ATP7A mainly resides at the basal membrane of enterocytes and facilitates copper transport into the portal circulation. 11, 12 ATP7B is located at the Golgi complex in hepatocytes and moves to the endo-lysosomal cellular compartments upon copper overload. ATP7B has a dual function. 
| MATERIALS AND METHODS

| Dogs
The Dobermanns included in this study were recruited from the Netherlands (n = 122) and the United States (n = 78 DNA was isolated from blood and from the American dogs DNA was isolated from formalin-fixed paraffin-embedded samples. 20 All dogs were client-owned and data were collected after obtaining informed consent of the owners.
| Phenotypes
From the Dutch cohort, histological biopsies were stained with rubeanic acid (RA) and a grade of 0 to 5 was assigned by the pathologist to score the amount of copper in the liver. 21 In 91 dogs, additional quantitative copper (CuQ) measurement by instrumental neutron activation analysis was available. 22 The correlation between histological grade (RA) and CuQ measurement by instrumental neutron activation analysis was .73
(P-value <2.2e-16, 95% confidence interval [.60-.82]) using Spearman's rank correlation method.
For the American dogs, no histochemical staining scores were available, but copper was quantified, either by atomic absorption spectrometry or by digital image analysis. 23 Quantitative copper was reported in mg/kg copper per dry weight liver (mg/kg dwl) as described. A concentration above 400 mg/kg dwl in dogs was considered abnormally high. 
| Statistical analysis
The genotype data were analyzed using RStudio. 25 A multivariate linear model was used to assess the association between either CuQ or RA staining score with the genotype of ATP7A and ATP7B.
Genotypes were modeled additively, and the effect estimates were estimated for the number of copies of the nonreference allele. In the case of the X-chromosomal ATP7A gene, hemizygous dogs were scored 0 (CY) or 2 (TY). Sex and age were added to the model as covariables, because copper could accumulate over time, depending on dietary copper intake. R-squared values for each independent variable in univariate model were summarized in Table 4 . A combined analysis for all Dobermanns of both countries was performed for CuQ, and the country of origin was added to the model as a covariable (Table 4) . Validity of the final model was checked by studying the residuals on normality and constancy of variance. Phenotype of CuQ was log transformed to meet the requirements for the residuals. The cutoff value for significance was set as an alpha of .05.
T A B L E 1 Phenotype summary of Dobermann cohorts from the Netherlands and the United States
| RESULTS
Clinical results from dogs are summarized in Table 1 In the Dutch cohort, 27 dogs had normal hepatic copper concentrations (RA staining scores <2, CuQ concentrations <400 mg/kg dwl) and normal histology. In the American cohort, 12 dogs had CuQ concentrations <400 mg/kg. Both the ATP7A:c.980C>T and the ATP7B:c.4358G>A
variants were identified in Dobermanns. The ATP7A:c.980C>T variant was identified in 2 heterozygous dogs. In the American cohort, the minor allele frequency of the ATP7A:c.980C>T variant was .081 (8 heterozygous and 1 homozygous female dogs with the ATP7A:c.980C>T variant were present, all other dogs were hemizygous or homozygous for the reference allele). Summary of copper score in relation to ATP7A and ATP7B genotypes in Dutch Dobermanns was shown in Table 2 . Summary of CuQ in relation to ATP7A and ATP7B genotypes in American Dobermanns was shown in Table 3 . CuQ with a P-value of .001 (Table 4 ). In the American Dobermanns, there was a significant association between the ATP7B:c.4358 genotype and
CuQ with a P-value of .005 (Table 4 ). However, sex and age were not significantly associated with CuQ in the American cohort (Table 4) . Terriers that were not homozygous for the exon 2 deletion in the COMMD1 gene. 26 However, there was no significant association between specific ATP7B haplotypes and hepatic copper concentrations. 26 Possibly, the effects were too small to be identified because of the limited number of dogs (N = 9) included in this study.
In a study from Spee et al, 27 mRNA expression concentrations of both ATP7A and ATP7B were found to be downregulated in DH cases.
A similar observation was made in COMMD1-deficient dogs that were followed over time 28 Therefore, of the drawbacks of this study is that we could not include data on copper intake of our study population, as this could have influenced the outcome.
Recent studies have shown evidence that the development of chronic hepatitis in Dobermanns has an autoimmune component. [6] [7] [8] [9] High hepatic copper concentrations cause or contribute to progression of chronic hepatitis. In Dobermanns with chronic hepatitis, there are increased hepatic copper concentrations in the majority of cases. 1, 3 Here, we show that the ATP7B:c.4358G>A MUT is present in the Dobermann and is associated with increased hepatic copper concentrations. Therefore, it will be of great importance for treat- Waltham is acknowledged for sponsoring part of this study. The authors thank biostatistician Hans Vernooij for statistical advice.
